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The ionosphere of Mars is expected to be significantly affected by the solar wind because Mars does not possess
a significant intrinsic magnetic field which deflects the solar wind. Despite a number of plasma measurements
made near Mars, the nature of the solar wind-Mars interaction has not yet been fully understood. In order to
self-consistently study the solar wind interaction with the ionosphere of Mars, a two-dimensional MHD model has
been developed with an emphasis placed on the structure of the ionosphere of Mars. It is found that the modeled
electron density profile in the upper ionosphere strongly depends on the solar wind dynamic pressure as well as
the solar zenith angle. The ionosphere in the model tends to have an ionopause-like sharp drop of the electron
density at some altitude for realistic solar wind dynamic pressures. Such behavior is not consistent with most of the
observed electron density profiles, which exhibit relatively large and constant scale height in most of the dayside
region. While the observed electron density profiles of the Venus ionosphere have been reproduced reasonably well
by ionospheric models as well as recent three-dimensional MHD models, the electron density profiles of the Martian
ionosphere have not been successfully reproduced by theoretical models including this study. This fact implies that
processes not present in the Venus ionosphere, such as crustal magnetic fields and the rotation of the planet, may

have significant effects on the structure and the dynamics of the ionosphere of Mars.

1. Introduction

A number of electron density profiles of the Martian iono-
sphere have been obtained by radio occultation measure-
ments made by the Mariner and Viking orbiters (cf. Zhang et
al., 1990; Kliore, 1992). Before the Mars Global Surveyor
arrived at Mars, in situ measurements had been made only
by the Viking landers, and the magnetic field had not been
measured in the ionosphere. Recently the Mars Global Sur-
veyor has detected a fairly strong (B < 400 nT) but localized
magnetic field which is thought to be of crustal origin (Acuiia
etal., 1998). It has also been found that the surface magnetic
field of core origin is likely to be smaller than about 5 nT,
indicating that a global intrinsic magnetic field at Mars is un-
likely to play an important role in the solar wind interaction
with Mars.

A one-dimensional (1D) ionospheric model of Mars which
includes the ionospheric magnetic field was developed by
Shinagawa and Cravens (1989, 1992). In their model, the
neutral density model based on the Viking 1 measurement
was used. The observed ion density profiles were reproduced
fairly well by the model, and the results suggested that an in-
trinsic magnetic field at Mars is insignificant. However, the
1D ionospheric model is not capable of self-consistently in-
cluding horizontal transport processes which are driven by
the horizontal pressure gradient force as well as by the elec-
tromagnetic force generated by the solar wind. The other
problem is that the model has an upper boundary at a given
altitude (480 km), and therefore the upper boundary condi-
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tions must have been given from the observations and theo-
retical consideration. The upper boundary condition was also
a problem with a two-dimensional (2D) ionospheric MHD
model of Shinagawa (1996).

In order to model the structure of the Martian ionosphere
including the solar wind interaction, we developed a 2D
MHD model of the solar wind-Mars interaction. The model
includes the ionosphere of Mars in more realistically than
previous global models of solar wind-Mars interaction. The
upper boundary has been extended to about seven radii from
the center of Mars. There have been a number of studies of
the solar wind-Venus interaction, suggesting that the iono-
spheric structure of the non-magnetized planets is controlled
mainly by the solar wind dynamic pressure ( Py ). Thus, two
basic cases are examined in this paper: (1) high Py, and (2)
low Pyy.

It must be noted that 2D modeling is not enough to accu-
rately incorporate effects associated with three-dimensional
(3D) configuration, such as tension of the magnetic field,
horizontal transport of plasma along magnetic field lines. To
study the interaction between the solar wind and the non-
magnetized planets including such effects, 3D modeling is
necessary. Recently, several groups developed 3D MHD
models of the solar wind-Venus interaction (McGary and
Pontius, 1994; Cable and Steinolfson, 1995; Murawski and
Steinolfson, 1996a,b; Tanaka and Murawski, 1997). Among
these studies, Tanaka and Murawski (1997) included the
ionosphere of Venus and the solar wind simultaneously. The
bow shock, the magnetic barrier, and the ionopause were re-
produced realistically. The dynamics of the ionosphere of
Venus was also reproduced reasonably well. Most recently,
Tanaka (1998) has studied the solar wind interaction with
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the ionospheres of non-magnetized planets for two differ-
ent solar wind conditions using a 3D MHD model with a
two-component plasma. Tanaka and Murawski (1997) and
Tanaka (1998) reported that the tension force becomes impor-
tant near the terminator region. However, present 3D models
treat the ionosphere in a very much simplified manner, and
have not included the lower ionosphere, or O5 ionosphere.
We believe that 2D modeling still gives useful ideas in study-
ing the ionosphere of Mars and its interaction with the solar
wind.

2. Model Description

The 2D time-dependent single-fluid MHD equations, i.e.,
the continuity, momentum, energy, and magnetic induction
equations are solved in a cylindrical coordinate system as
shown in Fig. 1. The upper boundary is set at 25000 km from
the center of Mars. The lower boundary is at 100 km above
the surface, which is nearly the bottom of the ionosphere.
Calculations are done for the upper half of the hemisphere,
assuming axial symmetry with respect to the sun-Mars line.
The left boundary is at the subsolar point, i.e., 0° solar zenith
angle (SZA), and the right boundary is at the antisolar point,
i.e., SZA = 180°. The lower boundary conditions are given
at 100 km, because at this altitude (i) photochemical equi-
librium is a reasonable assumption for density, (ii) the ion
velocity is considered to be the same as the neutral velocity
which is assumed to be zero in this study, (iii) the plasma
temperature is the same as the neutral temperature because
of very large ion-neutral and electron-neutral collision fre-
quencies, and (iv) the magnetic field at 100 km is zero. In
the upper boundary condition, the density, velocity, mag-
netic field, and temperature of the solar wind are given in
the upstream side, and gradients are taken to be zero for all
variables in the downstream side.

The basic method of the modeling is the same as that of
Shinagawa (1996). The solar wind magnetic field is assumed

25000 km

) 3480 km
solar wind

—
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Fig. 1. Coordinate system and region of the model. The cylindrical coor-
dinate is used. The direction of the solar wind magnetic field is in z axis
and into the paper. The upper boundary is at 25000 km, and the lower
boundary is at 3480 km which is 100 km above the surface of Mars.

to be perpendicular to the plane. In the continuity equation,
the mass continuity equation is also included in addition to
the number density equation. It is assumed that ions pro-
duced in the ionosphere have 16 amu, i.e., mass of O". The
electron density is expressed as the sum of the O" density
and the OF density. This procedure enables us to approxi-
mately separate solar wind ions (H") and ionospheric ions
(O™). The ionosphere observed by the Viking landers indi-
cated that the ions in the ionosphere consist of both O and
O™ (Hanson et al., 1977). If OF is included in the model,
the scale height of the electron density would be slightly
smaller. Artificial viscosity terms are added to all equations
to maintain numerical stability.

Ionospheric parameters, such as ionization rates, chemi-
cal reaction rates, are basically the same as those used for
1D model (Shinagawa and Cravens, 1989, 1992), i.e., the
parameters under the Viking conditions. A weak artificial
ionization source (ionization rates are 10~* of the dayside
values) is given on the nightside to prevent numerical insta-
bility caused by extremely small densities. The radial grid
size varies from 4 km near the lower boundary up to 500 km
near the upper boundary. The angular grid size is 2.5° for all
SZAs. The grid size is 4 km at altitudes less than 480 km in
vertical direction, which is enough to reproduce a fairly thin
ionopause with a thickness of about 20 km. Effects of the
rotation of Mars are not included in this study.

Two cases, Case 1 (high Py,) and Case 2 (low Py, ), are
examined. For both Case 1 and Case 2, the solar wind
plasma density, temperature, and magnetic field are taken
tobe 5cm3, 2 x 10° K, and 3 nT, respectively. The solar
wind velocity Vi, is taken to be 450 km/s for Case 1 and
300 km/s for Case 2. Starting from practically zero densities
in the modeling region, the system approximately reached a
steady state in about three hours.

3. Results
3.1 Case 1 (High Pg,)

The solar wind velocity (V) is 450 km/s, and the solar
wind density is 5 cm™3, giving a solar wind dynamic pressure
(Py) of about 1.7 x 10~8 dyne/cm?. Under this condition,
Py considerably exceeds the maximum ionospheric thermal
pressure (P;) of Mars which is about 5 x 10~° dyne/cm? in
this model. The Pioneer Venus observations confirmed that
in the solar wind-Venus interaction for the case of Py, > P,,
most of the dayside ionosphere becomes strongly magne-
tized and compressed, and the ionopause height becomes
low (cf. Elphic et al., 1981). This type of the ionosphere has
been reproduced by both 2D and 3D models reasonably well
(Shinagawa, 1996; Tanaka and Murawski, 1997; Tanaka,
1998).

The modeled ionosphere of Mars appears to be analogous
to the Venus ionosphere for Py, > P;. Figure 2 shows the
contour plot of the calculated electron densities around Mars
in logarithm of particle number in cubic centimeters. The
solar wind is flowing from the left-hand side to the right-
hand side. A bow shock is formed at about 1.4 Ry, which is
roughly the same as the observed values (Slavin and Holzer,
1982; Schwingenschuh ef al., 1990), although the 2D model
is not capable of accurately reproducing the position and
shape of the bow shock. The ionosphere is very thin, and
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Fig.2. Contour plot of the calculated electron densities in cubic centimeters
in logarithmic scale for Case 1. Contour lines are not plotted near the

surface of Mars (z < 500 km).
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Fig. 3. Contour plot of the calculated electron densities below 500 km in
cubic centimeters in logarithmic scale for Case 1.

cannot be seen in Fig. 2. On the nightside, a weak ionosphere
with the electron density of 10'-10?> cm™3 extends up to
the wake region, forming an “ionotail”. The overall plasma
structure in this model is similar to that of the 3D study by
Tanaka (1998).

The calculated electron density in the ionosphere is shown
in the contour in Fig. 3. Ions in the topside ionosphere
are removed by strong downward and day-to-night convec-
tion driven by the solar wind dynamic pressure. It is found
that an ionopause is formed at an altitude of about 170 km
from SZA = 0° to SZA = 60°. The ionopause height in-
creases rapidly with SZA for SZA > 60°. The “low-altitude
ionopause” is commonly observed in the Venus ionosphere
when the solar wind dynamic pressure exceeds the iono-
spheric thermal pressure (Elphic et al., 1981). In the ter-
minator region, there is a small day-to-night ion transport,

Fig. 4. Contour plot of the calculated magnetic field strength in nanotesla

for Case 1.
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Fig. 5. Contour plot of the magnetic field strength in nanotesla at altitudes
below 500 km for Case 1.

but it is not enough to maintain the significant nightside
ionosphere. A weak nightside ionosphere of 10° cm™ is
maintained primarily by artificially ionization source in this
model. This is not necessarily unrealistic because in the case
of the nightside ionosphere of Venus the electron density of
103-10* cm™ is thought to be maintained by ionization due
to particle precipitation.

The magnetic field distribution around Mars is shown in
Fig. 4. In the post bow shock region, i.e., the magnetosheath,
the magnetic field strength is enhanced, and reaches about
20 nT. The calculated magnetic field strength in the iono-
sphere is shown in contours in Fig. 5. The magnitude of the
ionospheric magnetic field reaches the maximum of about
60 nT at the altitude of 170 km in the subsolar region. This
maximum is created by pileup of the magnetic flux from the
higher region to the lower region where the vertical plasma
flow slows down through ion-neutral drag force. At the bot-
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Fig. 6. Altitude profile of the plasma thermal pressure, the magnetic pres-
sure, and the total pressure in the ionosphere for Case 1 in the unit of
10719 dyne/cm?.

tom of the ionosphere, the magnetic flux is removed by the
magnetic diffusion because of large resistivity. The mag-
netic field strength decreases rapidly with SZA, and becomes
nearly zero in the nightside ionosphere. A weak magnetic
field in the region beyond the terminator is the result of a
numerical diffusion effect on the magnetic field.

The altitude profiles of the plasma thermal pressure, the
magnetic pressure, and the total pressure at the subsolar point
are shown in Fig. 6. The pressure is in the form of plasma
thermal pressure above 200 km. In this region, the plasma
density is low, but the temperature is high. Below 200 km
temperature becomes low because of thermal energy is lost by
the ion-neutral collisions. The magnetic pressure becomes
high at about 170 km. The magnetic field is removed through
magnetic diffusion at low altitudes. The total pressure gra-
dient force is balanced with the ion-neutral drag force at the
bottom of the ionosphere. The solar wind dynamic pressure
is converted to the plasma thermal pressure and the magnetic
pressure at the bow shock. Then, the magnetic pressure be-
comes dominant in the lower magnetosheath region which
is sometime called the magnetic barrier region. In the lower
ionosphere, the magnetic pressure is balanced with the iono-
spheric thermal pressure plus the ion-neutral drag force.

3.2 Case?2 (Low Pyy)

A case for the solar wind velocity of 300 km and the density
of 5 cm™3, is also investigated. The dynamic pressure is
now about 7.5 x 10~ dyne/cm?, which is lower and more
common than Case 1. The electron density in this ionosphere
for this case is shown in the contour plot of Fig. 7. The
height of ionopause is about 180 km in the subsolar region,
and increases rapidly with SZA because of rapid decrease of
ram P, exerting on the ionosphere. The ionopause appears
at higher altitudes at all SZAs than that of Case 1, but the
thickness is still relatively small. The ionospheric thermal
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Fig. 7. Contour plot of the calculated electron densities below 500 km in
cubic centimeters in logarithmic scale for Case 2.
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Fig. 8. Contour plot of the magnetic field strength in nanoteslas at altitudes
below 500 km for Case 2.

pressure is now sufficient to hold the solar wind dynamic
pressure except in the subsolar region.

There is a day-to-night ion transport, but unlike the Venus
ionosphere, the ion flux is smaller mainly because of the
lower density in the dayside ionosphere. The ion density in
the nightside ionosphere is of the order of 10° cm™. The
calculated magnetic field in the ionosphere is shown in the
contour plot (Fig. 8). The maximum of the magnetic field
strength is now 30 nT at about 270 km. The overall behavior
of the magnetic field for Case 2 is similar to that for Case 1.

The altitude profile of the plasma thermal pressure, the
magnetic pressure, and the total pressure is shown in Fig. 9.
Compared with Case 1, the plasma thermal pressure at high
altitudes is lower the magnetic pressure above 200 km. The
magnetic pressure is held by the ionospheric thermal pressure
below 200 km. Then, the total pressure gradient force is
balanced with the ion-neutral drag force. The distribution
of the pressure profiles is qualitatively consistent with that
obtained by the 3D MHD model of the solar wind interaction
with non-magnetized model (Tanaka, 1998).
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Fig. 9. Altitude profile of the plasma thermal pressure, the magnetic pres-
sure, and the total pressure in the ionosphere for Case 2 in the unit of
10719 dyne/cm?.

4. Discussion

The Viking observations confirmed that the ionospheric
peak plasma pressure observed by the Viking landers is sig-
nificantly smaller than the average solar wind dynamic pres-
sure, indicating that the ionospheric magnetic field compen-
sates for the missing pressure at least under the Viking con-
ditions (Hanson and Mantas, 1988). The question then was
whether this ionospheric magnetic field is an intrinsic mag-
netic field or an induced magnetic field by the solar wind.
The answer has recently been given by the Mars Global Sur-
veyor which found that the surface magnetic field of a global
intrinsic magnetic field is likely to be smaller than about 5 nT
(Acufiaetal., 1998). Thus, the magnetic field of core origin is
unlikely to be a dominant magnetic field in the ionosphere,
and the ionosphere of Mars can be considered to be filled
with the magnetic field induced by the solar wind. Since the
magnitude of the intrinsic magnetic field at Mars is found
to be small, the nature of the solar wind-Mars interaction
should be analogous to that of the solar wind-Venus interac-
tion. The question now is whether or not theoretical models
based on the idea of the solar wind-Venus interaction are able
to reproduce the plasma environment of Mars.

Vertical profiles of the calculated electron density are
shown in Fig. 10 along with the electron densities obtained
by the Viking 1 and 2 landers. Case 1 and Case 2 are the cases
for Vg, = 450 km/s and 300 km/s, respectively. V1 and V2
denote the electron density profiles of the Viking 1 and 2 lan-
ders, respectively. As is shown in Figs. 3, 5, and 8, both for
Case 1 and Case 2 an ionopause is seen. The ionopause is cre-
ated by the combination of downward motion and horizontal
transport process, as was discussed for the Venus ionosphere
(Cravens and Shinagawa, 1991; Shinagawa, 1996, Tanaka
and Murawski, 1997; Tanaka, 1998). However, the radio
occultation measurements made by the Mariner and Viking
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Fig. 10. Altitude profiles of the calculated electron densities at solar zenith
angle (SZA) = 45° for Case 1 and Case 2. V1 and V2 denote the
observed electron density profiles obtained by the Viking 1 and 2 landers,
respectively.

orbiters indicate that most of the observed electron density
profiles have fairly constant and relatively large plasma scale
height at all altitudes, exhibiting no clear ionopause structure
(Zhang et al., 1990; Kliore, 1992).

In the Venus ionosphere for Py, > P, a strong convection
is believed to be driven in the ionosphere, giving a very small
plasma scale height above the photochemical region. On the
other hand, most of the electron density profiles observed
obtained by previous measurements appear to be fairly stable
and have fairly large and constant scale height on the dayside
(Kliore, 1992). Krymskii et al. (1995) pointed out that the
scale height of the Martian ionosphere should be significantly
smaller than the observed one, if the magnitude of plasma
convection in the Martian ionosphere is as large as that in
the Venus ionosphere. A recent 3D study of Tanaka (1998)
also tends to produce a smaller scale height than the observed
one under the condition of Py, > P;, although the 3D model
treats the lower part of the ionosphere rather crudely. The
result in our study is consistent with the 3D study.

Recently the Mars Global Surveyor has discovered fairly
strong (B < 400 nT) but highly localized magnetic fields
which are probably of crustal origin at various places (Acufia
etal., 1998). Itis important to study how such localized mag-
netic fields affect the ionosphere and the solar wind-Mars in-
teraction. The rotation of Mars might also play an important
role in dynamics of the ionosphere. It is also expected that
at solar maximum the ionospheric thermal pressure exceeds
the average solar wind dynamic pressure most of the time.
Under such conditions, the solar wind electric field would
be effectively shielded by the ionosphere of Mars, and the
crustal magnetic field might become a dominant magnetic
field below the ionosphere. In addition, the upper atmo-
sphere may also be influenced by gravity waves and tidal
waves propagating from the lower atmosphere (Bougher and
Shinagawa, 1998), leading to modification of the ionosphere.
Those effects need to be considered in future modeling study.
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5. Summary

Structure of the ionosphere associated with the solar wind
interaction with Mars was investigated using the 2D MHD
model which includes the solar wind. Although the 2D model
has various limitations in quantitatively reproducing physical
processes around Mars, the modeled profiles of the electron
density and the magnetic field give some idea of the iono-
spheric processes.

In the 2D model, a clear and relatively sharp ionopause is
always formed in the dayside ionosphere for realistic solar
wind parameters. This result is consistent with recent 3D
study (Tanaka, 1998). Like the ionosphere of Venus, the
ionopause altitude changes with SZA as well as the solar
wind dynamic pressure. This behavior, however, is not con-
sistent with most of the observations made by the Mariner and
Viking spacecraft, which rarely observed clear ionopause-
like structure. This fact suggests that processes not present
in the Venus ionosphere, such as crustal magnetic fields and
the rotation of the planet, may have significant effects on the
structure and the dynamics of the ionosphere of Mars.

In spite of very small intrinsic magnetic field, the Martian
plasma environment appears to be somewhat different from
Venus. In addition to the solar wind-induced magnetic field
and magnetic fields of crustal origin and/or effects of the ro-
tation of Mars might play a significant role in determining
the structure and dynamics of the ionosphere of Mars. Ob-
servations of the upper atmosphere by NOZOMI, which was
launched in the summer of 1998, along with further model-
ing studies will give a clue to understand the nature of the
solar wind interaction with Mars.
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